Abstract
account for <50% of the BC-containing particles in urban areas based on single-particle 59 soot photometer (SP2) measurements (Huang et al., 2012; Wang et al., 2014; Wu et al., 60 2016). The existence of a large fraction of uncoated BC particles is likely due to 61 continuous emission from combustion processes such as vehicle exhaust. Therefore, 62 studies on the radiative forcing of BC particles without thick coatings are also essential, 63 especially in urban areas. First, the morphologies and sizes of these quasi-bare BC 64 particles should be investigated, as they greatly impact the optical properties of the 65 particles.
66
The morphology of agglomerate BC particles is often studied directly using 67 transmission electron microscopy (TEM) (Park et al., 2004) . However, the timeliness 68 and representation of filter-based TEM measurements is challenged because only a 69 small fraction of particles on the filter collected during a considerable period are 70 investigated (Wentzel et al. 2003) . By comparison, online tandem techniques can 71 provide much more efficient and representative measurements of particle properties, 72 including morphology (Park et al., 2008) . For example, based on the measurements of 73 an electrical low-pressure impactor (ELPI) or an aerosol particle mass analyzer (APM) 74 in tandem with a differential mobility analyzer (DMA), the fractal dimension, a crucial 75 representative aspect of the morphology of agglomerate BC particles, has been studied 76 (Park et al., 2003; Maricq and Xu, 2004; Olfert et al., 2007; Rissler et al., 2014) . The 77 effective density and the dynamic shape factor of these agglomerates can also be 78 obtained from tandem measurements. Generally, a condensation particle counter (CPC) 79 connected to an APM is used to obtain the typical mass of the size-selected particles 80 The SP2 developed on the basis of the laser-induced incandescence technique was 89 widely used to study BC aerosol properties. It determines the BC mass from particle to 90 particle with very high precision and accuracy and distinguishes the BC aggregates with 91 or without thin coatings from the thickly-coated BC particles (Schwardz et al., 2006; 92 Moteki and Kondo, 2007) . In this study, we developed a system consisting of an SP2 93 connected in tandem with the DMA. This system was used to study the morphology of 94 the BC aggregates from ~100 nm to 750 nm in mobility diameter. An advantage of this 95 system is that the SP2 measures the mass of pure BC instead of the entire mass of the 96 BC-containing particles that was determined using the APM or ELPI in previous studies,
97
leading to a more accurate detection of the effective density of the BC aggregates.
98
Meanwhile, the size limitation for BC aggregate detection is expanded to 750 nm in 99 mobility diameter, providing more comprehensive knowledge on the morphology of 100 the BC aggregates in ambient air. Using this novel tandem system, the fractal dimension, 101 effective density and dynamic shape factor of ambient BC aggregates were investigated, 102 providing important insights for better assessment of the regional radiative effects of 103 agglomerate BC particles. 
Experimental setup

107
The tandem system comprises a size selection unit and a measurement section. As previous studies (e.g., Wu et al., 2016 Wu et al., , 2017 . The ambient air was dried by passing 134 through a nafion dryer (model MD-700, Perma Pure LLC) before entering the system.
135
The DMA was connected to an external computer on which a program was run to 136 control the voltage of the DMA, i.e., the particle mobility diameter. Thirty-three 137 mobility diameters were set in the program to cyclically control the particles selected (Fig. S2) . The purpose of this setting was to it should be constant for a given instrument. In previous measurements using the same 158 SP2 employed in this study, the critical time lag was maintained at 2 μs regardless of 159 the ambient conditions, such as the pollution level (Wu et al., 2016 (Wu et al., , 2017 . Before the 160 experiment, the incandescence signal was calibrated using DMA-selected Combining Eq. 1 and 2, ρeff can also be expressed as a function of dmob,
The dynamic shape factor is also calculated to indicate the morphology of the extBC 186 particles. It is derived from the ratio of the slip-corrected mass equivalent diameter (dme)
187
and dmob, expressed as
where dme is calculated from the BC mass (m) by assuming the BC particle to be a 190 compact sphere with density 1.8 g cm -3 , and Cc is the Cunningham slip correction factor 191 parameterized by particle diameter (d)
where λ is the mean free path of the gas molecules, which is set to 65 nm in this study of singly charged extBC particles corresponding to the given dmob (Fig. 2) . Due to the when the dmob remained constant (Slowik et al., 2007) . 
285
The error bars represent one standard deviation of the fitted Df. system for large particles, e.g., with sizes greater than 300 nm in dmob, since these large 326 particles are less abundant in the ambient atmosphere (Geller et al., 2006) .
327
The DMA-APM system directly measures the mass of particles selected at a given particulate matter under a low engine load (15%) and increased to ~30% under a high 333 engine load (40%). Rissler et al. (2014) 
